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Opposing Wall Mechanics Are Signiﬁcantly
Inﬂuenced by Longitudinal Cardiac Rotation in
the Assessment of Ventricular Dyssynchrony
Karen P. Phillips, MBBS, Zoran B. Popovic´, MD, PHD, Pascal Lim, MD,
John E. Meulet, MBBS, Conor D. Barrett, MB, CHB, Luigi Di Biase, MD,
Deborah Agler, RDCS, James D. Thomas, MD, Richard A. Grimm, DO
Cleveland, Ohio
O B J E C T I V E S This study sought to assess whether longitudinal rotation (LR) affects myocardial
systolic velocity proﬁles and to compare velocity-based measures of dyssynchrony with LR for predicting
cardiac resynchronization therapy (CRT) response.
B A C KG ROUND Longitudinal rotation, a rocking motion often seen when the dilated left ventricle
(LV) is imaged in its horizontal long-axis plane, is a recently recognized phenomenon and a new
predictor of response to CRT.
METHOD S One hundred patients with CRT implants and suitable baseline echocardiograms were
identiﬁed. Longitudinal rotation was assessed in the apical 4-chamber view by speckle-tracking
techniques and myocardial systolic velocities for basal septum, and lateral LV were analyzed from tissue
Doppler images. The quartiles of LR distribution were analyzed for differences in their systolic velocities.
Correlation between measurements and reduction in LV end-systolic volume (ESV) at follow-up was
performed.
R E S U L T S Quartile 1 had a mean LR of 6.8  2.3°; quartile 4 showed a mean LR of 2.3  1.6°. A
depressed peak velocity of lateral wall, when compared with the septum, was found for quartile 1 (p 
0.01), whereas the converse was noted in quartile 4 (p  0.0001). The difference in amplitude of peak
velocity between septal and lateral walls was found to correlate with the pattern of LR and with
percentage reduction in LV ESV at follow-up in nonischemic patients. Septal–lateral delay was not
correlated with the presence of LR, nor was it predictive of reduction in LV ESV.
CONC L U S I O N S Patients with prominent clockwise LR have depressed long-axis systolic velocities
of the lateral wall, whereas the patients with counterclockwise LR have depressed septal wall velocities.
The difference in peak amplitude of basal septal and lateral systolic velocities is predictive of LR, and in
the nonischemic subgroup correlates with quantitative LV reverse remodeling at follow-up. Velocity
time-based measures, including septal–lateral delay were not predictive of CRT response. (J Am Coll
Cardiol Img 2009;2:379–86) © 2009 by the American College of Cardiology Foundation
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380ongitudinal cardiac rotation (LR) is a recently
recognized reversible phenomenon occurring in
patients with cardiomyopathy and dilated left
ventricles that correlates with a response to
ardiac resynchronization therapy (CRT) (Online
ideo) (1). In turn, clinical predictors of longitudi-
al rotation are etiology of cardiomyopathy, left
entricular (LV) dilation, and QRS duration, sug-
esting the importance of altered LV geometry and
lectrical activation (1). Abnormalities of regional
train distribution seem to underpin the observed
atterns of LR.
See page 387
Because LR represents the motion of the whole
eart, it can be expected that its presence affects
yocardial velocity pattern. This may be relevant,
ecause the most widely used methods for the
assessment of mechanical dyssynchrony and
response to CRT are based on timing of
onset or peak myocardial systolic velocity
(2,3). In this study, we hypothesized that the
phenomenon of longitudinal cardiac rota-
tion affects Doppler angle-dependent mea-
sures of longitudinal systolic velocity pro-
files. We also aimed to assess various
velocity-based measures of dyssynchrony for
predicting response to CRT.
M E T H O D S
Study population. Patients were identified
retrospectively by a search of our echo-
cardiographic database for subjects who
ad undergone CRT and had a pre-implantation
chocardiogram of satisfactory quality performed on
Vivid 7 ultrasound machine (Vingmed, GE Med-
cal, Horten, Norway) during the period of March
003 to December 2006. A total of 100 consecutive
atients were identified, and they form the patient
opulation of this study. Late post-CRT follow-up
chocardiograms performed 6 weeks after the
rocedure were available for analysis for 76 of 100
atients. This sample size had a power of 90% to
etect a correlation of 0.35 between end-systolic
olume decrease and its predictor at a single-sided
lpha level of 0.05. All patients met standard
ndications for CRT including New York Heart
ssociation (NYHA) functional class III or IV
ymptoms despite optimal pharmacologic therapy




lariographic (ECG) evidence of QRS prolongation t120 ms) or pre-existing right ventricular (RV)
acing. Additionally, we performed the analysis of
oppler tissue velocity data in 16 healthy control
ubjects in which LR values were already published
1). The Internal Review Board of the Cleveland
linic approved the study, and subjects gave written
nformed consent to participate.
atabase search and the deﬁnition of clinical
erms. Patients were defined as having ischemic
ardiomyopathy if coronary angiography showed
oronary artery stenosis of at least 50% in any of the
ajor of epicardial vessels, or if there was a docu-
ented history of prior myocardial infarction or
oronary artery revascularization. Patients with LV
nlargement and nonobstructive coronary anatomy
t angiography were defined as having nonischemic
ardiomyopathy. If ischemic cardiomyopathy was
resent, location and presence of the myocardial
cars was identified by, in the order of precedence:
agnetic resonance imaging, rubidium glucose
ositron emission tomography, stress–rest single-
hoton computerized emission tomography, or do-
utamine stress echocardiography. The QRS dura-
ion complex was determined from the last ECG
btained before biventricular device implantation.
o quantitate CRT-induced reverse LV remodel-
ng, we assessed follow-up echocardiograms per-
ormed 40 days to 18 months after CRT start. If
ore than 1 echocardiogram was available, we used
he one that was closest to 6 months after the start
f CRT. Responders to CRT were defined by a
ecrease in LV end-systolic volume (ESV) of
15% at follow-up echocardiography.
chocardiography methods. LV end-systolic and
diastolic volumes were assessed by Simpson bi-
lane echocardiography. The timing of aortic valve
losure was determined from the pulsed-wave
oppler tracings of the LV outflow tract.
Longitudinal cardiac rotation was analyzed in the
pical 4-chamber view using speckle tracking soft-
are (EchoPac, GE Medical) as previously de-
cribed (1). In brief, the region of interest is applied
ver the LV myocardium in an apical 4-chamber
iew. The software automatically tracks the down-
otational rate of myocardial motion with reference
o the center of gravity of the region of interest. To
btain rotation, rotational rate is integrated over a
ingle cardiac cycle, defined by the R waves of the
CG. Finally, end-systolic longitudinal rotation is
efined as the rotation at the time of aortic valve
losure. In accordance with engineering notation,B B R E V I A T I O N S
N D A C R O N YM S








YHA New York Heart
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381ositive sign signifies counterclockwise rotation.
ormal values for LR were published previously (1).
Tissue Doppler images of the apical 4-chamber
iew were analyzed to obtain myocardial velocities
t basal septal and basal lateral LV segments as
reviously described (3). Traces of myocardial ve-
ocity profiles for 3 cardiac cycles were exported for
ach patient. From these profiles we obtained the
iming and amplitudes of peak systolic velocities and
alculated the following 3 parameters: 1) the difference
n amplitude between the peak systolic velocities at
asal septum and basal lateral wall, with the septal
eak velocity as the reference; 2) the time difference
etween peak systolic velocity events at basal sep-
um and basal lateral segments, again with reference
o the septal peak velocity; and 3), because this
iming difference was found to be a negative value
n a proportion of patients, it was converted to an
bsolute value consistent with the previously de-
cribed measure of septal–lateral delay (3).
nterobserver and intraobserver data variability and
epeatability. To assess interobserver and intraob-
erver variability of LR (1) and myocardial systolic
elocity measurements, 12 randomly selected clips
ere reviewed by a same observer 1 month apart
fter first measurement, and independently by a sec-
nd observer. Variability in peak systolic velocity and
ime-to-peak systolic velocity randomly was assessed
s mean absolute and mean relative difference 1 SD.
Absolute intraobserver and interobserver variability
or longitudinal rotation was 0.8  0.7° and 1.2 
.1°. Absolute and relative intraobserver variability for
eak systolic velocity was 0.10  0.08 cm/s and 4 
%, whereas it 8.7  6.7 ms and 6.1  4.0% for
ime-to-peak systolic velocity. Absolute and relative
nterobserver variability for peak systolic velocity was
.11 0.08 cm/s and 5 4%, whereas it was 9.1 7.0
s and 6.3  4.9% for time-to-peak systolic velocity.
Interobserver and intraobserver variability of LV
SVs was tested in an analogous manner in 10
andomly selected studies. Absolute and relative
ntraobserver variability was 24  16 ml and 12 
%, whereas absolute and relative interobserver
ariability was 30  17 ml and 16  9%.
In patients with at least 2 echocardiographic
tudies performed between 6 weeks and 18 months
f follow-up, we assessed time-related variability
i.e., repeatability) of ESVs by standard deviation.
e identified 28 patients who satisfied this crite-
ion, with a total of 76 studies. ESV variability
uring follow-up was 20  15 ml (11  8%).
tatistical analysis. Results are expressed as mean 
D, unless otherwise stated. Between-group and aithin-group comparisons were performed by un-
aired and paired t test, respectively, except for
YHA functional class, for which the Mann-
hitney U test was used. The Fisher exact test was
sed for comparison of frequencies for noncontinuous
ariables. An F ratio was used to compare difference in
ariances (i.e., dispersion) between 2 groups.
To characterize the impact of LR on myocardial
elocities, the entire distribution of mean LR values
or the CRT population was divided into quartiles.
1-way analysis of variance (ANOVA) was per-
ormed to test for differences in the measures of
eptal and lateral velocities among the quartiles,
ollowed by Tukey Honestly Significant Difference
ost-hoc tests, if appropriate. Additionally, the first
nd fourth quartiles were selected to construct the
verage profiles of their myocardial velocities. The
elocity profiles were scaled to percent systole du-
ation, with systole duration defined from the onset
f the R-wave to aortic valve closure determined
rom the pulsed wave of the LV outflow tract (4).
Correlation between measurements was per-
ormed by calculating the Pearson correlation coef-
cient. Because the estimate of the correlation
oefficient between the septal–lateral velocity differ-
nce and the LV ESV decrease during follow-up
ay be unstable due to a wide range of follow-up
imes, we performed an estimation of correlation
oefficient median with corresponding 95% confi-
ence intervals using bootstrapping. A total of 2,000
terations were performed by random sampling with
eplacement of the original dataset. A value of p 
.05 was considered significant.
E S U L T S
aseline clinical and demographic variables are given
n Table 1 for ischemic and nonischemic subgroups,
long with response rates and follow-up echocardio-
raphic data. In the ischemic cardiomyopathy group,
9 patients had lateral scar, 27 patients had a scar in
onlateral locations, whereas in 7 patients data were
ot available. Late post-CRT follow-up echocardio-
rams performed 6 weeks to 18 months (median: 194
ays, first and third quartile: 111 and 274 days) after
he procedure were available for analysis for 79 of the
00 patients. In the remaining 21 patients, a coronary
inus lead was not implanted because of technical
easons in 7 cases, whereas 1 patient at the 6-month
ollow-up was in atrial fibrillation with only 66% of
ycles paced. Of the remaining 13 patients, 3 pa-
ients died (1.5 months, 7 months, and 3 years
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382eart transplantation (2 weeks, 2 years, and 6 months
fter pacemaker implantation).
In 16 healthy control subjects, peak septal and
ateral systolic velocity amplitudes were 5.2  0.9
m/s and 5.9  1.7 cm/s (p  0.027), mean
eptal-to-lateral peak velocity time difference was
.5  23.0 ms (p  0.45), whereas the mean
eptal–lateral delay was 13.6  18.6 ms (p  0.51).
ongitudinal rotation pattern and amplitude of peak
yocardial systolic velocity. Septal and lateral sys-
olic velocity profiles for quartile 1 and quartile 4
Figure 1. Direction of Longitudinal Rotation and the Shape of D
(Top) Mean tissue Doppler myocardial velocity curves are depicted
in quartile 1 of longitudinal rotation (A) and for all patients in quar
tion of individual time-to-peak velocity measures of septal and late










57 13 69 10 0.001
28 48 0.001
tional class 3.1 0.5 3.0 0.4 0.40
155 29 151 33 0.53
eline (ml) 251 92 234 87 0.57
eline (ml) 194 87 172 61 0.14
line (%) 25 10 27 9 0.22
rate (n) 36/47 40/53 1.0
rate (n) 20/38 19/41 0.5
RT implantation (ml) 241 103* 219 81* 0.85
RT implantation (ml) 166 90† 157 76‡ 0.68
T implantation (%) 32 12† 31 13‡ 0.72
rsus baseline. †p  0.0005 versus baseline. ‡p  0.05 versus baseline.
diac resynchronization therapy; EDV  end-diastolic volume; EF  ejection
 end-systolic volume; NYHA  New York Heart Association.(C) and quartile 4 (D). DTI  Doppler tissue imaging.atients are depicted in Figures 1A and 1B. Quar-
ile 1 patients showed prominent clockwise LR
mean rotation of 6.8  2.3°) and more often had
nonischemic etiology of heart failure (22 of 25
atients). In this quartile, peak systolic velocity was
igher in septal than in lateral wall (3.2  1 cm/s
nd 2.4  0.9 cm/s, p  0.01), the mean septal–
ateral delay was 65  37 ms and the mean
eptal-to-lateral peak velocity time difference was
6  50 ms.
In contrast, quartile 4 patients showed modest
ounterclockwise LR (mean rotation of 2.3  1.6°)
ith a nonischemic etiology present in the minority of
ubjects (7 of 27 patients, p  0.0001 compared with
uartile 1), and had a peak systolic velocity lower in
eptal than in lateral wall (1.9  1.3 cm/s and 3.1 
.3 cm/s, p  0.001). The mean septal–lateral delay
as 48  40 ms, and the mean septal–lateral peak
elocity time difference was 2  63 ms. Additionally,
-way ANOVA showed that the quartiles predicted
eptal and lateral velocity amplitude with respective p
alues of 0.0009 and 0.03 (Table 2).
The difference in amplitude of peak systolic
elocity between septal and lateral walls was found
o correlate strongly with the presence and the
attern of LR (r0.58, p 0.0001) as shown in
igure 2.
Septal–lateral delay was not significantly corre-
ated with LR (r  0.19, p  0.07), whereas the
eptal–lateral peak velocity time difference showed
nly a weak correlation (r  0.29, p  0.004).
ler Myocardial Velocity Curves
r 1 cardiac cycle for basal septal and lateral walls for all patients
4 (B). Bars indicate standard errors. (Bottom) Plots of the distribu-
alls, corrected for percentage of systole, for patients in quartile 1opp
ove
tile
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383ongitudinal rotation and the shape of systolic myo-
ardial velocity proﬁle. We further hypothesized that
resence of LR alters the shape and skew of already
epressed myocardial velocity curves, thus introducing
rror into interpretation of the timing of their peak
alues. To test this, we compared the timing of peak
ystolic velocities in quartiles 1 and 4 of LR. The time
rom R-wave onset to peak systolic velocity in quartile
was 216  45 ms for septum and 272  64 ms for
ateral wall (p  0.0001). Importantly, the dispersion
f peak velocity values of the lateral wall was signifi-
antly larger than for the septum (p  0.005) (Fig.
C). The time to peak systolic velocity in quartile 4
as 228  57 ms for septum and 230  56 ms for
ateral wall, with no difference in the timing (p 
.96) or dispersion (p  0.62) (Fig. 1D).
As expected, in healthy control subjects, time to
eak systolic velocity in both septal and lateral walls
as shorter than in corresponding walls of quartiles
and 4 (146  30 ms for the septal and 150  23
s for the lateral wall, p  0.0001 for all compar-
sons). Furthermore, dispersion measures for the
eptal wall were greater in quartile 4 when com-
ared with healthy control subjects (p  0.03),
hereas dispersion of timing for the lateral wall was
reater in both quartiles 1 and 4 when compared
ith the control group (p  0.004 for both).
An additional observation noted during velocity
urve analysis is the frequent appearance of 2 or
ore peaks during the ejection interval, often of
imilar magnitude (Fig. 3). This phenomenon was
bserved most frequently in curves with more severe
epression of peak amplitude. A modest inverse
orrelation could be shown between the peak am-
litude of septal wall and the presence of numerous
ystolic peaks (r  0.37, p  0.01), but no
onsistent relationship was observed for the lateral
all (r  0.18, p  0.26). Interpretation of a
ingle peak timing event was significantly more sub-
ective in this setting, and analysis of multiple cardiac
ycles across at least 2 different clipped images was
equired to achieve a consensus for measurement.
redictive value for CRT response. LV ESV de-
reased by 24  29% in quartile 1 (n  16, p 
.001 vs. baseline), and by 13  25% in quartile 4
n  19, p  0.02 vs. baseline). There was no
ifference in time to echocardiography follow-up
etween ischemic and nonischemic patients (p 
.76). An inverse correlation emerged for the dif-
erence in amplitude of peak systolic velocity be-
ween septal and lateral walls with subsequent
ercentage reduction in LV ESV at follow-up in
he nonischemic subgroup (r  0.45, p  0.004)s shown in Figure 4A, but was not present for
schemic cardiomyopathy (r  0.19, p  0.24),
owever, with only a trend toward difference be-
ween r values (p  0.20). By bootstrapping, the
edian value for the coefficient of correlation be-
ween the septal–lateral velocity difference and the
V end-systolic volume decrease in nonischemic
ardiomyopathy patients was 0.47 (95% confi-
ence interval [CI]: 0.216 to 0.67), whereas it
as 0.15 (95% CI: 0.477 to 0.216) in ischemic
ardiomyopathy, indicating that standard estimates
f correlation coefficient were stable.
Neither septal–lateral delay nor the septal–lateral
eak velocity time difference were predictive of
uantitative reduction in LV ESV at follow-up in
ither subgroup of etiology (pNS for both) (Figs.
B and 4C).
Figure 2. Relationship Between Longitudinal Rotation and a Septa
Difference in Amplitudes of Peak Systolic Velocity
A correlation between longitudinal rotation (x axis) and a difference in
tudes of peak systolic velocity recorded at the base of septal and later
(septal–lateral velocity difference; y axis). Data were obtained from 100
who were cardiac resynchronization therapy candidates. A moderately




Septal velocity (cm/s) 3.3 1.1 2.5 1.2 2.0 0.9* 1
Lateral velocity (cm/s) 2.4 0.9 2.6 1.2 2.6 0.8 3
Velocity diff (cm/s) 0.9 1.4 0.2 1.1* 0.6 1* 1
*p  0.01 versus quartile 1. †p  0.05 versus quartile 2.
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384I S C U S S I O N
major finding of this study is that longitudinal
ardiac rotation alters the profile and amplitude of
asal septal and lateral systolic myocardial veloci-
ies. Moreover, the difference in amplitude between
Figure 3. Longitudinal Rotation and Its Impact on Myocardial V
(A) Myocardial velocity traces of a patient with clockwise longitudinal
amplitudes than septal velocities (yellow), and show 2 distinct systolic
velocity traces from a patient with counterclockwise longitudinal rotati
ties with 3 distinct systolic peaks (arrows). In these settings, subjective
for timing event. Please see the accompanying Online Video.eak septal and lateral systolic velocities at baseline, thich is correlated with LR, predicts the magni-
ude of reduction in LV end-systolic volume at
ollow-up in the nonischemic subgroup, whereas
ime difference and septal–lateral delay do not.
yocardial velocity curves in the CRT population.
ealthy subjects show heterogeneity in the ampli-
ity Proﬁles
ion belonging to quartile 1. Lateral wall velocities (green) have lower
ks of alternating amplitudes (arrows). (B) In contrast, myocardial
elonging to quartile 4 show relatively depressed septal wall veloci-

























































diomyopathy; ESV  end-systolic volume; ICM  ischemic cardiomyopathy.
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385ave highly synchronized timing (5). In contrast,
atients with heart failure and bundle branch block
iming synchrony is disturbed (6), although little is
nown of the effect of these conditions on the shape
f the systolic velocity curve. Here we show that LR
ffects timing, amplitude, and shape of regional
elocities, with blunting of the velocity of the wall
n the direction of LR. Candidates for CRT who
ave pronounced clockwise or counterclockwise LR
lso have greater differences between basal regional
elocities than normal subjects despite a lower
verage amplitude. The blunting of velocities results
n a flattened shape of the curve, with multiple
scillation replacing the distinct peak of the normal
ystolic velocity profile.
There is a paucity of data regarding the effect of
pecific cardiac pathophysiology on myocardial ve-
ocity curves. However, we have previously shown
hat the pattern of LR (clockwise or counterclock-
ise) depends on the distribution of longitudinal
nd radial strains. Thus, it seems that a specific
attern of nonuniform strain distribution determines
R pattern, which in turn impacts the shape of
yocardial velocity profiles. The possibility of RV
ystolic interaction impacting the timing of multiple
eaks in the systolic velocity profile of the LV free wall
n the heart failure state has also been raised (7).
linical implication for current prediction models of
RT. Two factors make our findings clinically rele-
ant. First, LR is not a rare phenomenon and seems
requent in patients who are good CRT candidates.
econdly, the findings from 2 recent prospective,
andomized trials (8,9) that assessed septal–lateral
yocardial velocity delay by tissue Doppler imaging as
tool in selecting potential candidates for CRT were
argely underwhelming. Although the PROSPECT
Predictors of Response to CRT) trial was a head-to-
ead comparison of several different dyssynchrony
arameters (including septal–lateral opposing wall de-
ay) to predict CRT response in a standard population
f heart failure patients with QRS duration130 ms,
he RethinQ (Cardiac Resynchronization Therapy in
atients with Heart Failure and Narrow QRS) study
ssessed response to CRT in patients with a QRS
uration130 ms and mechanical dyssynchrony (de-
ned by either septal–lateral delay or anteroseptal–
osterior opposing wall delay of65 ms). The studies
ere concordant in their findings that septal–lateral
elay had marginal predictive power in the popula-
ions tested. In light of our findings, these results
ight have been anticipated as the LR influences on
yocardial velocity profiles rendering them difficult tonterpret by time-to-peak measures alone. This canFigure 4. Predictors of Relative End-Systolic Volume Change During
Cardiac Resynchronization Therapy
(A) Relationship between the difference in peak systolic velocity amplitude
between basal septal and lateral walls at baseline and subsequent reduction
in left ventricular end-systolic volume at follow-up for the nonischemic (red
circles) and ischemic (yellow triangles) subgroup. Whereas nonischemic
subjects show a signiﬁcant correlation with end-systolic volume reduction,
ischemic subjects do not. (B) Relationship between septal–lateral delay at
baseline and (C) septal–lateral time difference in peak systolic velocity at
baseline, and subsequent reduction in left ventricular end-systolic volume at
follow-up for the nonischemic (red circles) and ischemic (yellow triangles)
subgroup. Neither measure in ischemic or nonischemic subjects shows a
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386robably be generalized to other time-to-peak (2,10)
r time-to-onset velocity measures of dyssynchrony
6), because they are based on similar fundamental
oncepts. Although recent results of the PROSPECT
nd the RethinQ trials will lead to a greater scrutiny of
ny new dyssynchrony measure, we believe that sep-
al–lateral basal velocity difference can be used in
onjunction with other relevant clinical and dyssyn-
hrony parameters to predict CRT outcome (11,12).
tudy limitations. The current study was retrospec-
ive, which has impacted follow-up rates and variabil-
ty in follow-up time. Furthermore, our finding that
he difference in amplitude of septal and lateral veloc-
ties correlated with reverse remodeling only in dilated
ardiomyopathy patients may be attributable to non-
hysiological factors, such as a relatively more rare
ccurrence of positive septal–lateral velocity difference
n ischemic subjects. Also, it might be argued that the
redictive capacity of the septal–lateral peak velocity
mplitude difference as an echocardiographic
easure for quantitative response to CRT in the
onischemic population is modest. Our defini-
ion of ischemic heart disease may be imperfect,
ecause coronary artery stenosis of 50% may
ccur also in patients with nonischemic etiologyCirc Physiol 2008;294:H505–13.
sponse to CRT (P
Circulation 2008;11ients was too small to accurately define specific
utoff points that would separate responders from
onresponders. Additionally, our method seems
nefficient in patients with ischemic cardiomyop-
thy, who often do not show reverse remodeling
uring CRT. Finally, no adjustment was made
or comparisons of multiple variables.
O N C L U S I O N S
ignificant alterations in the profile and amplitude
f myocardial systolic velocity curves are observed in
ssociation with different patterns of LR. The
ifference in peak amplitude of basal septal and
ateral systolic velocities is predictive of LR, and in
he nonischemic subgroup it correlated with quan-
itative left ventricular reverse remodeling at follow-
p. Time-to-peak velocity-based measures were not
redictive of CRT response.
cknowledgement
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houghtful comments on the manuscript.
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